Publisher's PDF, also known as Version of record Cyswllt i'r cyhoeddiad / Link to publication Dyfyniad o'r fersiwn a gyhoeddwyd / Citation for published version (APA): Marsden, K., Jones, D. L., & Chadwick, D. (2016). Disentangling the effect of sheep urine patch size and nitrogen loading rate on cumulative N2O emissions. Animal Production Science, 56(3), 265-275. https://doi.Abstract. Ruminant urine nitrogen (N) concentration and volume are important parameters influencing the size and N loading rate of urine patches deposited to soil. Such parameters can influence N cycling and emissions of the greenhouse gas, nitrous oxide (N 2 O) from grazed grassland, yet, there is limited information on the effect of these parameters within typical ranges reported for sheep. We used an automated, high-frequency gas monitoring system to investigate N 2 O emissions from varying urine N application rates and patch sizes under field conditions. Using artificial sheep urine, we manipulated urine N concentration to provide two urine N application rates (4 and 16 g N/L; equivalent to 200 and 800 kg N/ha). We investigated the effect of urine patch size with equal N application rates (4 · 125 cm 2 vs 500 cm 2 , at 200 and 800 kg N/ha) and the effect of patch size with unequal N application rates, but the same total amount of N applied (62.5 mL over 125 cm 2 at 800 kg N/ha and 250 mL over 500 cm 2 at 200 kg N/ha). Cumulative emissions of N 2 O generally increased with N loading rate, whether applied as one large urine patch or four smaller ones. Cumulative N 2 O emissions increased when the N was applied in four smaller urine patches compared with one large patch; this difference was significant at 800 kg N/ha, but not at 200 kg N/ha. When the total amount of N applied was held constant (1 g of N), the amount of N 2 O released was similar when urine was applied as a high N concentration small patch (800 kg N/ha) compared with a low N concentration large patch (200 kg N/ha). Urine N 2 O emission factors in this study were, on average, 10 times lower than the IPCC default of 1% for sheep excreta. This research clearly demonstrates that the chemical and physical nature of the urine patch influences N 2 O emissions, yet further research is required to gather more data on typical sheep urine volumes (individual and daily), urination frequency, urine N concentrations and the typical volumes of soil influenced by urine deposition, to provide more accurate estimates of emissions from sheep grazed pastures.
Introduction
Ruminant urine N concentration, volume and frequency vary widely, influencing the size and nitrogen (N) loading rate of urine patches deposited to pasture soils. These parameters can influence the fate of urinary N in grazed pastures, including emissions of the powerful greenhouse gas nitrous oxide (N 2 O) and leaching of NO 3 - (Li et al. 2012 ). The default IPCC N 2 O emission factor for both cattle and sheep was 2% of applied N; however, due to the lower volume and higher frequency of sheep urine events, and more moderate levels of soil compaction under sheep-grazed pastures, the default emission factor has been lowered for sheep from 2% to 1% of the applied N (IPCC 2006) . The range in urine patch sizes deposited by sheep and cattle (0.13-2 L) has been shown to influence N transformations and processes (e.g. longer retention of mineral N, greater plant growth and N uptake in larger patches) even when the total N applied is constant (Orwin et al. 2009 ). While these results display a clear difference between sheep and cattle urine patches, where large differences in urinary volume are produced between the two species, less work has been conducted on N cycling and N 2 O emissions within the typical ranges of urine patch sizes reported for sheep.
The concentration of N excreted in urine is a function of the amount of surplus metabolised N to be excreted, the volume of urine produced and the frequency of urine events (Hoogendoorn et al. 2010 ) and can range from 1 to 18 g N/L (Bristow et al. 1992; Oenema et al. 1997; Hoogendoorn et al. 2010) . Urine volume is mainly influenced by water intake and the mineral load ingested by the animal (Selbie et al. 2015) , and can be high when the moisture content of the diet is high, or when the herbage leaves are wet with rain water or dew (Doak 1952) . Urine volume can also vary as a response to coping with changes in ambient temperatures (Betteridge et al. 2010a) . Data for sheep urine volume and frequency are scarce, but typically individual sheep urine events range between 100 and 200 mL (Doak 1952; Haynes and Williams 1993) . However, variation within individual sheep urine volumes can be high; for example, the mean and range of 40 individual urine events among six Welsh mountain ewes fed (ad libitum) a Lolium perenne L. dominated sward was 104 (18-397) mL (K. A. Marsden, unpubl. data) .
Daily sheep urine volume ranged from 0.5 to 3 L in Ledgard et al. (2008) and the frequency of urination events has been reported to range between 13 and 20 times per day (Doak 1952; Betteridge et al. 2010a Betteridge et al. , 2010b .
Urine volume, soil moisture status, soil type and topography can all influence the urine patch-wetted area and volume of soil influenced by a urine patch. The wetted area of a urine patch has been defined as the surface area covered by urine following deposition to soil, as opposed to the pasture response area, which can extend beyond the wetted area (Lantinga et al. 1987; Li et al. 2012) . A typical wetted area for a sheep urine event with a volume of 150 mL is reported to be 300 cm 2 (Doak 1952) and for 200 mL it is reported to be 430-550 cm 2 (Williams and Haynes 1994) . Typical urine applications of 4 L/m 2 were reported to be utilised in Kelliher et al. (2014) .
Due to the wide range in the volume and frequency of sheep urine, and the interactive effects of dietary N content, energy use and ambient temperature fluctuations, it is evident that sheep urine patches vary widely in N concentration and volume, resulting in patches of different sizes and of different N loading rates. It can be envisaged that at times where sheep may be fed a diet low in moisture content, or when ambient temperatures are high, their urine will be more concentrated, having a higher N concentration deposited over a small patch size. However, when the diet is high in moisture and the sheep is fully hydrated, urine may be deposited in larger-sized urine patches with a lower N concentration. This experiment was designed to test these two extremes, to determine how differences in sheep urine patch size and N concentration may influence N cycling and cumulative N 2 O emissions arising from such urine patches.
Using a high-frequency automated greenhouse gas monitoring system we assessed whether (1) cumulative N 2 O emissions will increase with increasing urine N loading rate, when keeping the urine patch size constant, (2) cumulative emissions will be higher from four small urine patches than from one large urine patch, when keeping the total N loading rate constant, and (3) cumulative emissions will be higher from a low N-concentration large urine patch than from a high Nconcentration small urine patch, where N loading rate differs, but the total amount of N applied remains constant. The total amount of applied N equates to the total amount of N in the volume of applied urine. The N loading rate is a function of the urine N concentration and the surface area the urine is applied to (Selbie et al. 2015) .
Materials and methods

Field site
The field site was established at the Henfaes Research Station, Abergwyngregyn, North Wales (53 14 0 N, 4 01 0 W) in March 2015. The soil at the site is classified as a Eutric Cambisol and is of mixed glacial till in origin, deposited~10 000 years ago. The field was re-seeded in 1990 with a Lolium perenne L. and Trifolium repens L. mix. The field has since received moderate fertiliser applications (~120 kg N/ha.year in years 1990-2002 and~60-80 kg N/ha.year in subsequent years) and is regularly grazed by Welsh Mountain ewes at a moderate stocking density (2 or 3 livestock units/ha). The area was fenced off just over 3 months before treatment application, to prevent the effect of recent livestock urine patches on monitored gas fluxes from the soil.
Soil sampling and analysis
Soil (0-10 cm) was sampled in triplicate at block level (n = 3) to determine soil characteristics (Table 1) ; this was conducted 4 days before treatment application. Soil moisture content was determined by oven drying (105 C, 24 h) and organic matter was determined by the loss-on-ignition (450 C, 16 h; Ball 1964) . Soil pH and electrical conductivity were determined using standard electrodes in 1 : 2.5 (w/v) soil-distilled water suspensions. Total carbon (C) and N were determined on oven-dried and ground samples in a TruSpec ® Analyzer (Leco Corporation, St Joseph, MI, USA). Dissolved C and dissolved N were determined in 1 : 5 (w/v) soil-0.5 M K 2 SO 4 extracts, according to Jones and Willett (2006) . Microbial biomass C and N were determined via the chloroform fumigation-extraction method of Voroney et al. (2008) , using K EC and K EN correction factors of 0.35 and 0.5, respectively. Total extractable P, NO 3 and NH 4 + were determined in 0.5 M K 2 SO 4 extracts via the methods of Murphy and Riley (1962) , Miranda et al. (2001) and Mulvaney (1996) , respectively. Exchangeable cations (sodium, potassium, calcium) within 1 : 5 (w/v) soil-1 M NH 4 Cl extracts were measured using a model 410 flame photometer (Sherwood Scientific, Cambridge, UK).
Experimental design and treatment application
Artificial sheep urine was made up according to Lucas and Jones (2006) , the composition of which is in line with the suggestion of Kool et al. (2006) in containing at least urea and hippuric acid for a realistic simulation of N 2 O emissions from artificial urine patches. The N concentration of the artificial urine was modified by adjusting the proportion of urea to obtain a total of 4 g N/L and 16 g N/L, where all other urine constituents were held constant. The two N concentrations were chosen to reflect low and high N concentrations in the urine, within typical reported ranges for N concentration within sheep urine. The effect of urine patch size was investigated by comparing a single large urine patch with four smaller patches, while holding total N loading rate constant. The effect of patch size with unequal N loading rates, but the same total amount of applied N, was also assessed, by comparing a low Nconcentration large urine patch with a high N-concentration small urine patch.
The study was set up in a randomised block design, with five treatments (n = 3), as follows: (1) control (no urine application), (2) large urine patch with a low N concentration (4 g N/L; 1 g of N applied in 250 mL covering 500 cm 2 ; N loading rate = 200 kg N/ha), (3) large urine patch with a high N concentration (16 g N/L; 4 g of N applied in 250 mL, covering 500 cm 2 ; N-loading rate = 800 kg N/ha), (4) four small urine patches with a low N concentration (4 g N/L; 4 · 0.25 g of N applied in 4 · 62.5 mL, covering 125 cm 2 each; N loading rate = 200 kg N/ha) and (5) four small urine patches with a high N concentration (16 g N/L; 4 · 1 g of N applied in 4 · 62.5 mL, covering 125 cm 2 each; N loading rate = 800 kg N/ha).
Duplicate plots were established, one to allow for chamber gas flux measurements and the other for soil sampling during the study. Artificial urine was applied by evenly pouring onto the soil, using a fixed template as an area guide. All urine patches were smaller than the chamber basal area (2500 cm 2 ), ensuring additional room inside the chamber for the urine-patch diffusional area, which is important for accurately monitoring urine patch N 2 O emissions (Marsden et al. 2016) . Soil cores (0-5 cm) were taken from the area of immediate urine application, during the course of the study. Soil sampling was conducted 4 days before treatment application (for measurement of background soil characteristics), on the day of a urine application, and 2, 4, 7, 10, 14, 17, 21, 28 and 35 days following treatment application. The soil sampling was conducted more frequently at the beginning of the study (three times in the first week) so as to provide information on soil N-transformation processes, which occur relatively quickly following organic N additions to soil (e.g. urea hydrolysis and nitrification). Soil sampling reduced in frequency throughout the remainder of the study (twice per week in the second and third week, and once per week, thereafter). When soil cores were taken, they were timed to match manual flux measurements taken from the control plots. Soil cores were returned immediately to the laboratory, where post-processing took place within 24 h of sampling. Prior to extraction, soils were homogenised by gently mixing within the sample bags.
Soil moisture was monitored within each individual chamber by using Acclima SDI-12 digital TDT ® sensors (Acclima Inc., Meridian, ID, USA), monitoring at a 0.5-h measurement frequency. The sensors were inserted diagonally through the urine patch, and were in situ 3 weeks before urine application. Rhizon suction samplers (2.5-mm diameter, 5-cm porous tube length, 12-cm tubing length; Rhizosphere Research Products, Wageningen, The Netherlands) were also inserted at an angle of 45 into the centre of individual urine patches, 3 weeks before urine application. This allowed sampling of soil solution within the chamber in a non-destructive manner when the soil was wet enough for sample collection. Successful soil solution samples were collected 4 and 3 days before urine application, on the day of urine application and 2, 4, 7, 10, 14 and 17 days following urine application. Beyond this point, soil conditions were too dry, so samples were not collected. Additionally, air temperature was monitored both inside and outside chambers using Thermochron iButtons ® (iButtonLink, Whitewater, WI, USA) logging temperature every 1 h. A weather station was located near the field site, where rainfall, soil (0-10 cm) and air temperature were monitored hourly.
Pasture biomass and N content
The pasture within chambers was cut 2 and 4 weeks following urine application. Samples were oven-dried (80 C; 24 h), weighed for biomass, and ground before analysis of N content, as described previously.
Automated and manual greenhouse gas measurements
Greenhouse gas fluxes were measured from 12 non-steady-state, non-through flow chambers connected to a mobile, automated high-frequency measurement system (Queensland University of Technology, Institute for Future Environments, Brisbane, Australia) as detailed in Scheer et al. (2014) . Stainless-steel chamber bases were inserted into the ground (10 cm depth) for 4 weeks before treatment application, to ensure no effects from soil disturbance were observed during the study. Chambers (50 cm · 50 cm · 15 cm) were fixed to the bases, which opened and closed during sampling via pneumatic actuators. Chamber headspace samples were automatically pumped (~200 mL/min) from the chambers, through Teflon tubing to the sampling unit, which housed a LI-COR LI-820 non-dispersive infrared gas analyser (LI-COR, St Joseph, MI, USA) to measure the CO 2 concentration, and a gas chromatograph (SRI 8610C, SRI International, Torrance, USA), equipped with a 63 Ni electron capture detector and flame ionisation detector to measure N 2 O and CH 4 concentrations in the chamber headspace, respectively. The samples passed through an Ascarite (sodium hydroxidecoated silica) column before entering the gas chromatograph, so as to remove moisture and CO 2 , which was changed periodically so as to protect the electron capture detector cell.
The sampling routine consisted of three blocks of four chambers, where each block of chambers close sequentially for a period of 1 h, while the other two sets are open, allowing restoration of ambient conditions. During the 1 h closure period, each chamber is sampled for 3 min, followed by a calibration standard (0.97 mg/m 3 N 2 O; 1.71 g/m 3 CO 2 ; 2.12 mg/m 3 CH 4 ; AE 2% of the certified value, BOC Gases, Liverpool, UK). The 15 min cycle repeats four times, before the next set of chambers are sampled. One entire cycle takes 3 h to complete, allowing up to eight flux measurements per 24 h period.
The automated system consisted of 12 chambers only; therefore, control treatments were sampled manually from static chambers (n = 3), as N 2 O fluxes were expected to be minimal from this treatment. Manual chamber flux measurements were taken once per day, between 1000 hours and 1200 hours (de Klein and Harvey 2012) as close to daily as possible, for the duration of the experiment. The gas samples were taken by placing polypropylene upturned buckets (~26 cm in height) onto collars (26-cm diameter), inserted to a depth of 10 cm. The chambers were fitted with a re-sealable vent, to allow pressure equalisation when placing chambers onto bases, and were fitted with Suba-Seals ® (Sigma, Gillingham, UK) to allow sampling of the headspace. Samples were taken with a syringe every 15 min, over the period of 1 h, to match the automated system. Samples were stored in pre-evacuated 20 mL glass vials, before being analysed on a Clarus 500 gas chromatograph with a TurboMatrix headspace autoanalyser (Perkin Elmer, CT, USA).
Statistical analyses
Cumulative N 2 O emissions were determined by integration using the trapezoidal rule. The resulting cumulative emissions were corrected for the chamber area assumed to be unaffected by urine application (i.e. total chamber area = 0.25 m 2 , urine patch area = 0.05 m 2 and control area unaffected by urine = 0.2 m 2 ), by deducting the cumulative emissions arising from the control treatment over an area of 0.2 m 2 . Further calculations, e.g. emission factors, were based on the control-corrected values for cumulative emissions. To compare whether cumulative emissions or emission factors increased with increasing N loading rate, Student's t-tests were conducted, comparing the results from Treatment 2 with those from Treatment 3 and results from Treatment 4 with those from Treatment 5. So as to determine whether emissions are greater from small or large urine patches (with the same N loading rate), the same procedure was used, comparing Treatment 2 with Treatment 4 and Treatment 3 with Treatment 5. To test the third hypothesis that cumulative emissions would be higher from a low N-concentration large urine patch (200 kg N/ha) than from a high N-concentration small urine patch (800 kg N/ha) with the same total amount of N applied, the results from Treatment 5 were divided by 4 (assuming that cumulative emissions from each individual urine patch within the chamber were equal) and compared with the results from Treatment 2. Differences in pasture biomass and foliar N content at 2 and 4 weeks following urine application were assessed via ANOVA with Tukey's post hoc test, after assessing normality and homogeneity of variance. All statistical analyses were conducted in Minitab 17.0 (Minitab Inc., State College, PA, USA).
Results
Effect of urine N content and patch size on soil C and N dynamics
The dynamics of total (free and exchangeable) NH 4 + and NO 3 concentrations in soil can be seen in Fig. 1a, b , and the concentration of NH 4 + and NO 3 in soil solution (extracted with Rhizon samplers within the chambers) is presented in Fig. 1c, d . During the second half of the field trial, the lack of rainfall prevented the acquisition of soil water with the Rhizon samplers and, thus, there are no results to present. Extractable NH 4 + increased up to 4 days following urine application in the treatments receiving a high N loading rate, and then followed a declining trend. As expected, extractable NH 4 + peaked at a lower concentration in the lower N-containing treatments, and began to decline 2 days following urine application. There were no apparent differences in the urine-induced increase of soil NH 4 + concentration due to patch size. The NO 3 concentration steadily increased in the soil extracts and soil solution, with lower amounts of NO 3 produced in the low N-containing treatments. Differences in NO 3 concentration between patch sizes were evident, with less accumulation of NO 3 in smaller patches, and with concentrations returning to background values faster than in large urine patches. In the high N-containing large urine patch, the NO 3 concentration was still higher than the control at the end of the experiment, and it cannot be ruled out that further N 2 O emissions would have occurred after this time.
The total extractable dissolved N and organic C present in soil during the course of the study can be seen in Fig. 2a, b , and the soil-solution total dissolved N and C can be seen in Fig. 2c, d . Concentrations of extractable and soil-solution N were high at the beginning of the study, due to the large amounts of dissolved organic N deposited into the soil within the urine. The N persisted in the soil for longer periods in the high N-containing urine patches. The soil solution C was immediately high following urine application, and rapidly declined to control values. Dissolved organic C may have been higher in the high Ncontaining treatments, due to the increased proportion of urea in these treatments, and/or it may have been caused by a priming effect, which has been demonstrated for ruminant urineinfluenced soils for both C (Lambie et al. 2013 ) and N (Di and Cameron 2008) .
Pasture biomass and foliar N content
The pasture biomass and N content after 2 and 4 weeks following urine application can be seen in Table 2 . As expected, the pasture biomass and foliar N content were generally larger in the urine treatments than in the control (except pasture biomass 4 weeks after urine application). Increasing the N loading rate in a single large urine patch did not increase (P > 0.05) pasture biomass 2 or 4 weeks after urine application, nor did it increase foliage N content in the first 2 weeks after urine application; however, foliage N did increase after 4 weeks (P < 0.05). Increasing the N loading rate in four smaller urine patches increased pasture biomass (P < 0.01) 2 weeks after urine application and increased Effect of urine-patch size and N rate on N 2 O emissions Animal Production Science foliar N content (P < 0.01) on both sampling occasions. Patch size had no effect (P > 0.05) on pasture biomass or foliar N content when applied at 200 kg N/ha, either 2 or 4 weeks following urine deposition. At 800 kg N/ha, the biomass was greater (P < 0.05) in four small urine patches than in one large urine patch after 2 weeks; however, no differences (P > 0.05) were observed after 4 weeks. No differences (P > 0.05) were observed between the foliar N content of four small patches and that of one large urine patch, when urine was applied at 800 kg N/ha.
N 2 O fluxes from artificial urine-influenced soil
The weather station data can be seen in Fig. 3a and the results for the N 2 O emissions over the course of the experiment can be seen in Fig. 3b , alongside the soil water-filled pore space (WFPS; calculated from the SDI-12 soil moisture sensors) in Fig. 3c . The initial peaks in N 2 O emissions were similar across all treatments where urine was applied, indicating that, initially, the N content was not limiting N 2 O production. Following the maxima of this initial peak, the two high N treatments begin to branch off from the low N treatments, and generally remained higher than the low N-containing treatments for~2 weeks. The major peaks in N 2 O emissions occurred just after rainfall events (Fig. 3a, b) . The largest N 2 O peaks were observed for the high N-containing small urine patches, which peaked at~150 mg N 2 O-N/m 2 .h.
Cumulative N 2 O emissions
Cumulative N 2 O emissions (mg N 2 O-N/0.05 m 2 ) over the 39-day measuring period (Fig. 4) followed the numerical trend of high-N small urine patches (6.75 AE 0.54) > high-N large patch (4.01 AE 0.57) > low-N small patches (2.56 AE 2.40) > low-N large patch (1.36 AE 0.44) > control (0.36 AE 0.07). The variability in cumulative N 2 O emissions was greater in the low-N small urine-patch treatment, which arose from one 'high-emitting' replicate.
Increasing the N loading rate from 200 to 800 kg N/ha within a large urine patch increased (P < 0.05) cumulative N 2 O emissions by a factor of 3, from 1.36 AE 0.44 to 4.01 AE 0.57 mg N 2 O-N/ 0.05 m 2 over 39 days. No difference (P > 0.05) was observed between cumulative N 2 O emissions when increasing N concentration in the four small-sized urine patches. The nonsignificant effect of increasing N concentration on cumulative N 2 O emissions in the small urine patches is likely to be the result of the high N 2 O-emitting replicate; if this replicate is removed from the analysis, the difference then becomes significant (P < 0.01), although the potential for such high emissions cannot be ruled out from smaller urine patches. Increasing the number of replicates per treatment is recommended to capture spatial variability of N 2 O emissions under field conditions.
The second hypothesis was to determine whether cumulative N 2 O emissions were higher from four small than from one large urine patch (with the same N loading rate). No effect of patch size (P > 0.05) was observed between the cumulative emissions at the lower N loading rate (200 kg N/ha), regardless of whether the high-emitting replicate was included or removed. However, under a higher N loading rate (800 kg N/ha), cumulative N 2 O emissions were greater (P < 0.05) from the four small patches (6.75 AE 0.54 mg N 2 O-N/0.05 m 2 over 40 days) than from a single large urine patch (4.01 AE 0.57 mg N 2 O-N/0.05 m 2 over 40 days).
The third hypothesis was that cumulative emissions would be higher from a large urine patch with a low N concentration, than from a small urine patch with a high N concentration (manipulating N loading rate, but keeping total N applied constant). The cumulative emissions from a high N-concentration single small urine patch was 1.69 AE 0.14 mg N 2 O-N/0.05 m 2 over the duration of the study, where no differences were found (P > 0.05) compared with the low N-concentration large urine patch, at 1.36 AE 0.44 mg N 2 O-N/0.05 m 2 .
Emission factors
The N 2 O emission factor for the low N-concentration large urine patch over 39 days was 0.10 AE 0.05% of the N applied and 0.09 AE 0.02% from the high N-concentration large urine patch. The emission factors from the four low N-concentration small urine patches were 0.22 AE 0.24% of the applied N, where one replicate had the highest emission factor of 0.69%, highlighting the large variability observed in this treatment. The N 2 O emission factor from the four high N-concentration small urine patches was 0.16 AE 0.01% of the total N applied and the emission factor from the high N-concentration large urine patch was 0.09 AE 0.02% of the N applied. No effect of patch size on N 2 O emission factors was observed in the low N-concentration treatments; however, the emission factor was significantly greater (P < 0.05) from the four small urine patches than from a single large urine patch, at 800 kg N/ha. No significant differences in N 2 O emission factors were observed when increasing N concentration from 4 to 16 g N L, either from four small patches, or from a single large patch. 
Discussion
When urine was applied at the same N loading rate, NO 3 concentrations did not peak as high, and returned to control values faster in four smaller urine patches than in a single large patch. The observed effect could have been due to the larger wetted perimeter created by the four small urine patches (179 cm) than by one large urine patch (89 cm). This may have allowed increased plant access to the nutrient-rich patch via roots and stolons, which may explain the greater plant biomass and foliar N content when increasing urine N loading rate in smaller urine patches. Diffusion away from the urine patch edge has been identified as an important mechanism for N processing and transformations in urine patches of different sizes (Orwin et al. 2009 ). The difference in patch sizes may have allowed a greater lateral, as opposed to vertical, diffusion of soluble N and C into surrounding soil, potentially influencing differing proportions of nitrifying and denitrifying microorganisms.
A greater diffusion of NO 3 beyond the area of immediate urine application may have also resulted in the lower peak of NO 3 found in smaller urine patches, as soil cores were only taken where urine had been directly applied, and Rhizon samples were taken at the centre of the urine patch. The soil mineral-N concentration remained higher for a longer period with increasing urine N concentration, which means N losses can occur under partially differing environmental conditions from the high N treatment compared with the lower N treatment (Dijkstra et al. 2013) .
Concentrations of NO 3 -, NH 4 + , total N and dissolved organic C in the urine patches (measured in both the soil extracts and the soil solution) tended to vary widely, having large standard errors. This large spatial variability in factors that can drive N 2 O emissions is likely to have contributed to the large observed variation in N 2 O emissions in the present study This could also be problematic when comparing urine-patch soil properties from duplicated plots with N 2 O emissions from chambers, as processes may be occurring at different rates in the different locations. We suggest the development of non-destructive sampling techniques for monitoring soil conditions within chambers to ensure monitored soil properties accurately reflect conditions within chambers.
In the present study, increasing urine N loading rate from 200 kg N/ha to 800 kg N/ha generally increased cumulative N 2 O emissions, but the emission factors were not significantly different. This is similar to the finding of Selbie et al. (2014) , who found a curvilinear increase in cumulative N 2 O emissions on increasing N loading rate. However, increasing urine N loading rate had no effect on the fraction of N 2 O produced under laboratory (van Groenigen et al. 2005a ) and field conditions (van Groenigen 2005b; Dai et al. 2013; Luo et al. 2013) . However, urine-derived N 2 O emission factors have also been shown to decrease (Selbie et al. 2014) or increase alongside N loading rate (Singh et al. 2009 ). Results for the response of urine patch N 2 O emission factors to increasing N loading rates are contradictory and uncertain Selbie et al. 2014) .
When manipulating urine patch size and N loading rate, but maintaining the same total amount of N applied, no differences were found in cumulative N 2 O emissions or emission factors, which is similar to the findings of van Groenigen et al. (2005a) . However, cumulative N 2 O emissions and emission factors were significantly greater from four small urine patches than from one large urine patch, when applied at 800 kg N/ha. It is difficult to determine a management strategy that would reduce N 2 O emissions on the basis of the results of this treatment, as it assumes a difference in the frequency of urine events, but with the same N concentration and total volume of urine excreted. In reality, ruminant urine N concentration and volume varies widely among and within days, and among individuals of the same species (Betteridge et al. 1986 (Betteridge et al. , 2013 Hoogendoorn et al. 2010) . Nevertheless, on the basis of the results of the present study and the sheep urine patch sizes used here, it would seem that sheep that urinate more frequently in smaller volumes would emit more N 2 O than sheep urinating less frequently in larger volumes, given the same high urinary N concentration. Further work is required to determine how this effects other N-loss processes such as NO 3 leaching and NH 3 volatilisation, as, given the range of patch sizes excreted by cattle, increasing patch size has been shown to logarithmically increase NO 3 leaching (Li et al. 2012) .
It has been recognised that more information is required for values of ruminant urine volume, urine N concentration and urination frequency, where the development of sensorbased technology that can measure all three of these values (e.g. Betteridge et al. 2013 ) will be important for improving models to predict N losses from grazed grassland. An increase in our knowledge of how ruminant urine N concentration is affected by dietary factors will also be important; for example, Pacheco et al. (2010) found urinary N concentration of cattle urine to be related to the moisture content, dietary cation-anion difference and soluble sugar content of the forage. Increasing knowledge in these areas will also assist in a better understanding on the effect of differing management and mitigation strategies to reduce N losses (e.g. feed type, grazing intensity and inclusion of diuretics in the diet).
Increasing urine volume, for example, by the inclusion of NaCl in the diet, has been suggested as a way to reduce N losses as it would reduce N loading rate per urination, potentially promoting a better dispersion of N across the pasture Pacheco et al. 2010) , although this will depend on livestock movement and behaviour. However, the results of our study have shown that N 2 O emissions were no different in patches of differing N loading rates, for the same amount of N applied. Therefore, for a reduction in N 2 O emissions from sheep urine patches, it is suggested that a reduction in dietary N would need to occur concurrently with any mitigation strategies based on increasing total urine volume .
Both Ledgard et al. (2007) and Liu and Zhou (2014) showed that increasing NaCl in the diet of cattle and sheep, respectively, results in increased urine volume and frequency, but the average volume of individual urine events remained similar. Both Li et al. (2012) and Betteridge et al. (2013) showed that considering mean values (rather than varied values) for cattle urine volume, frequency and N concentration causes differences of~5-10% in modelled NO 3 leaching losses. The mean values for urine volume and N concentration are also often used in plot-based studies of urine-patch N 2 O emissions, which may also cause inaccuracies when upscaling such emissions.
Across all urine treatments, N 2 O emission factors were on average 10 times lower than the 1% default IPCC emission factor for sheep excreta (IPCC 2006) . In a large study based on numerous field trials conducted across New Zealand, the mean sheep urine-patch emission factors from lowland pasture soils were also found to be lower than the default IPCC emission factor for excretal N deposited to pasture, at 0.55% of the applied N (Kelliher et al. 2014) . The low emission factors found in the present study may have been caused by the relatively dry soil conditions that prevailed during the study. Low emission factors have been previously observed above sheep-grazed pastures under dry summer months, with maximum emissions occurring under cooler and wetter soil conditions (Allen et al. 1996; Saggar et al. 2007 ). Rainfall and soil drainage class have been identified as key variables influencing N 2 O emission factors from urine returns (de Klein et al. 2003) , and a consideration of environmental and management factors (which are not considered in the IPCC Tier 1 approach) will undoubtedly be important for better constraining N 2 O emission estimates from grazed soils.
The values for emission factors in the present study should be considered with care, as they were derived from artificial urine and overall emissions were fairly low and variable, which may have masked some effects. It is suggested that similar studies should be conducted under differing environmental conditions to determine whether the effects hold true. Real urine is generally advocated for the calculation of emission factors (de Klein et al. 2003) ; however, the use of artificial urine was beneficial in the present study as it allowed the manipulation of N concentration. The artificial urine contained the recommended constituents for adequate representations of urine for N 2 O emissions (Kool et al. 2006 ) and the proportion of urea was increased to manipulate the N content, which is consistent with an increase in the proportion of urea excreted by ruminants occurring as a result of increased dietary crude protein (Dijkstra et al. 2013) .
Conclusions
Cumulative N 2 O emissions generally increased, but emission factors remained similar, with increasing N loading rate (200-800 kg N/ha). Emission factors from a low N-concentration large urine patch (200 kg N/ha) were similar to those from a high Nconcentration small urine patch (800 kg N/ha), when applying the same total amount of N. However, emissions were larger from four smaller patches than from one large urine patch under the same N loading rate (800 kg N/ha). These conclusions suggest that a reduction in overall dietary N would need to occur, alongside any mitigation strategies which manipulate urine volume, so as to be effective at reducing N 2 O emissions from sheep urine patches. For the same total volume and concentration of N excreted in the urine, sheep that urinate little and often may be causing greater emissions than sheep that urinate less frequently with a larger volume and patch size. With this in mind, further research is required to gather more data on typical sheep urine volume (both individual urine events and daily volumes), frequency and N concentrations. Such parameters may vary due to sheep breed, edaphic and climatic conditions, diet and management or mitigation practices (e.g. inclusion of salt in diet). Improving our knowledge on the links within the plant-animal-soil-atmosphere system will be important for determining more accurate emission estimates from sheepgrazed grasslands, and for determining the efficacy of N 2 O mitigation strategies.
